A gricultural soils that are contaminated by petroleum hydrocarbons (PHCs) often require remediation before they are capable of being returned to productivity. Generally, remediation projects aim to reduce PHC concentrations, whereas reclamation projects take further action to improve conditions for agricultural production. However, remediation methods often adversely affect the ability of soils to function (O'Brien et al., 2017a) . Thus, quantifying the effects of remediation on soil characteristics is vital in achieving long-term success in reclamation projects.
One method of PHC remediation is ex situ thermal desorption, which is applied most commonly to volatile and semi-volatile hydrocarbons (Vidonish et al., 2016) . In this process, contaminated soils are excavated and heated, typically between 250 and 550°C (Troxler et al., 1993; Vidonish et al., 2016) , to separate PHCs from the soils via volatilization. The volatilized contaminants are transferred to a thermal oxidizer where they are combusted, and the treated soils are available for reuse. While thermal desorption is a fast, reliable method to reduce PHC concentrations, it does affect many soil properties. Following treatment, soils of all textures may have altered biological communities (Cebron et al., 2011) , increased soil pH (Sierra et al., 2016) , reduced cation exchange capacity (Ritter et al., 2017) , decreased soil organic matter (SOM), and increased saturated hydraulic conductivity (O'Brien et al., 2016) ; all of these consequences may affect the viability of thermal desorption-treated soils for use in agronomic systems. Notably, the magnitude of effects increases as heating temperature increases (O'Brien et al., 2018b) , such that textural shifts can occur when heated above 500°C.
While monitoring changes to individual soil parameters following thermal desorption-treatment is important, evaluating complex, dynamic soil processes may be more valuable in determining their suitability for agricultural production. One such dynamic soil process is the partitioning of energy at the soil surface, i.e., the surface energy balance (SEB). The SEB is typically described by four components: (i) net radiation (R n ), (ii) soil heat flux (G), (iii) latent heat flux (LE), and (iv) sensible heat flux (H).
The SEB is often used to measure (or estimate) evapotranspiration by quantifying LE Zeggaf et al., 2008; Holland et al., 2013; Kool et al., 2014) , which is crucial in understanding water availability throughout the growing season. However, G, the amount of thermal energy moving through an area of soil over a unit of time (Sauer and Horton, 2005) , is also critical in agricultural systems, as it regulates the available energy for biochemical processes of plants (e.g., seed germination; Vigil et al., 1997) and soil microorganisms (e.g., respiration, nutrient cycling; Zak et al., 1999) . Thus, SEB has implications for both the water balance and biochemical processes in soil, making it a valuable tool for describing how soils function following soil remediation.
One popular method for partitioning the SEB is the Bowen ratio. For many years, the Bowen ratio has been used extensively in both agricultural and natural environments to effectively describe the relationship between H and LE (Irmak et al., 2014) . The theory relies on the assumption that the diffusivity of heat and diffusivity of water vapor are equal above a homogenous surface (Bowen, 1926) . This technique requires accurate measurement of temperature and water vapor gradients, so the areal scale described by the measurements is dictated by the sensitivity of instrumentation. Notably, the required fetch of homogeneous surface increases with the scale and height of measurement (Heilman and Brittin, 1989) , so more sensitive instruments are required to implement Bowen ratio theory at small spatial scales. Recently, technological advancements have made the implementation of the Bowen ratio theory possible at the experimental plot level (Ashktorab et al., 1989; Zeggaf et al., 2008; Holland et al., 2013) .
This study uses micro-Bowen ratio instrumentation (MBR) to determine the SEB over research plots comprised of (i) disturbed native topsoil, (ii) soil that had been remediated using thermal desorption, and (iii) a 1:1 mixture (v/v) of topsoil and remediated soil. This study is part of a larger research project aimed at assessing viability of using thermal desorption-treated soil for agricultural production, and these conditions were chosen because they are possible pathways toward reclamation following thermal desorption-treatment. The SEB may be germane to agricultural production because of its relationship to the water balance and soil biochemical processes, so this research can provide valuable information for remediation or reclamation practitioners considering the use of thermal desorption on contaminated soils for agricultural production.
MAterIAls And Methods experimental setup
Research was conducted in western North Dakota (USA), and it was adjacent to an active remediation project using ex situ thermal desorption to treat agricultural soil contaminated by Bakken crude oil. During remediation, the site was excavated to 15 m below soil surface. Following treatment, 14.1 m of overburden and other treated material were refilled prior to construction, leaving 0.9 m depth for the research plots. The project was conducted on large-scale research plots (17 × 15 m, to a depth of 0.9 m) comprised of three materials:
• Condition 1: Disturbed native, non-contaminated topsoil (A).
• Condition 2: Thermal desorption-treated subsoil material (TD).
• Condition 3: 1:1 mixture, by volume, of native topsoil and thermal desorption-treated subsoil material (TDA). The entire experimental design consists of 30 plots with three replications of five soil conditions and two amendments, but only three representative plots were selected on which to install the instrumentation for this study. Full description of soil characteristics and plot construction is given in O'Brien et al. (2017b) .
Briefly, the A (Condition 1) was excavated up to 0.15 m from the entire site where all the research plots were located, stockpiled for several months, and then used in plot construction. The topsoil was mapped as Williams-Zahl loams (Williams: fine-loamy, mixed, superactive, frigid Typic Argiustolls; Zahl: fine-loamy, mixed, superactive, frigid Typic Calciustolls) (USDA-NRCS, 2015). The TD (Condition 2) had been contaminated by crude oil from a pipeline leak and remediated by passing contaminated soil through a RS 40 Thermal Desorption/Oxidation unit (Nelson Environmental Remediation, Ltd., Edmonton, AB, Canada) at 350°C for 10 min. The TD was excavated from beneath the A, and materials from all depths up to 15 m below the soil surface were mixed together, so original depths could not be identified. While a majority of TD did not originate from the zone of soil genesis, for ease of reference, this subsurface material is referred to hereafter as "TD soil." The TDA (Condition 3) was created by alternately adding 0.6 m 3 bucket loads of each soil type into a material screener (R155 Screener, McCloskey International, Keene, ON, Canada). Notably, all plots were uniform in both space and depth within each plot condition, whereas differences were identified among all three conditions using multivariate analyses on 26 soil variables (O'Brien et al., 2017b) .
soil Characteristics
During the 2016 growing season, hard red spring wheat (Triticum aestivum L.; cultivar Barlow) was planted (90 kg ha , 30 cm row spacing) and harvested, leaving wheat stubble approximately 10 cm tall. In the fall of 2016, three soil cores were taken from each plot at a depth of 0 to 15 cm for the determination of particle-size distributions using the hydrometer method (Gee and Or, 2002) , and soil organic carbon (SOC) contents determined as the difference between total C and total inorganic C found using a Primacs TOC Analyzer (Skalar Analytical B.V., Breda, the Netherlands).
In the spring of 2017, a utility all-terrain vehicle pulling a lawn roller (122 cm width, 61 cm diameter; Ohio Steel Industries, Columbus, OH) filled with water (≈420 kg) was used to flatten the wheat residue and homogenize the soil surfaces. Crop residue counts were then conducted using the line-transect method (Laflen et al., 1981) with six transects per plot. A 15-m tape measure was laid out across the plot oriented 45° in relation to the rows, and at every 15 cm along the line, presence or absence of litter was recorded to produce a count of litter presence out of 100. Bulk density was determined using aluminum rings (5.2 cm height, 4.8 cm diam) pounded into the ground by a rubber mallet using a custom-built aluminum cap to avoid direct contact between mallet and rings. Rings were centered at 6-cm depth, and dry soil mass was determined after oven drying at 105°C. Four bulk density cores were taken from each plot on the day of MBR installation (day of year [DOY] 103) and the day of MBR removal (DOY 128). Soil color was determined in the field using a Munsell color book (Post et al., 2000) . Soil thermal conductivity was determined using a dual-needle heat-pulse probe (KD2 Pro, Decagon Devices, Pullman, WA) on four repacked soil samples of each soil type under both air-dry and fully saturated water contents (Bristow et al., 1994) . Samples were repacked to match bulk densities of the field plots.
Results from these analyses were analyzed using one-way analysis of variance with mean difference significance at α = 0.05 level. Pairwise comparisons were conducted with a post hoc Tukey HSD test. All statistical tests were performed with R 3.2.1 software using the stats (R Core Team, 2014) and multcomp (Hothorn et al., 2008) packages.
surface energy balance
The surface energy balance at the soil surface can be described as:
where R n is net radiation, G is soil heat flux, LE is latent heat flux, and H is sensible heat flux (all units in W m -2
). In this study, R n was positive downward to the soil surface, G was positive downward from the soil surface, and LE and H were positive when energy flowed upward away from the soil surface.
The Bowen ratio (β) is the ratio of H to LE (Bowen, 1926 ) and can be used to partition these components with relation to the total available energy (R n -G). This ratio can be estimated by quantifying temperature and vapor pressure gradients:
where P a is atmospheric pressure (kPa), C p is specific heat capacity of air (1004.67 J kg
), λ is latent heat of vaporization for water (2.45 MJ kg -1 ), ϵ is ratio of molecular weights of air and water vapor (0.622), ΔT is air temperature difference between two heights (C), Δe a is vapor pressure difference between two heights (kPa), K h is eddy diffusivity for heat (m 2 s 
H is then the balance of available energy from Eq. [1].
Micro-bowen ratio Instrumentation Measurements
One MBR (described below) was installed on each of the three conditions on DOY 103, and each MBR collected data continuously until DOY 127, with occasional downtime for maintenance. Transpiration was not addressed in this study.
Each MBR was modeled after the design reported in Holland et al. (2013) and included a net radiometer (NR-Lite2, Kipp and Zonen B. V., Delft, the Netherlands) that was installed 75 cm above soil surface facing due S to quantify R n . Soil heat flux was determined using one soil heat flux plate (HFP01, Huskeflux Thermal Sensors, B. V., Delft, the Netherlands) installed at 6 cm below the soil surface. Additionally, one water content time domain reflectometer (TDR; 30 cm length rods; CS616, Campbell Scientific, Logan, UT), installed horizontally at 6 cm below the soil surface, and a thermocouple (24-gauge type-T), installed 3 cm directly above the HFP01, were included to account for changes in soil energy storage via the combination method (Ochsner et al., 2007; Massman, 1993) , where water content, SOM, and bulk density were used to estimate soil heat capacity. Each TDR probe was calibrated to its respective soil in laboratory conditions to ensure accurate water content measurements. The HFP01, TDR, and thermocouple were all installed directly beneath the MBR air intakes (described next).
To measure the gradients in air temperature and vapor pressure, two air intakes were situated 1 and 11 cm above residue on the soil surface. Given the size of the research plots, this allowed for >100:1 fetch/height ratio. Intake tubing (6.2 mm o.d., 4.4 mm i.d.; Synflex, Eaton Hydraulics Group, Eden Prairie, MN) extended 15 cm from the main enclosure and was protected by polyvinyl chloride (PVC) piping (25 mm o.d., 19 mm i.d.). Air temperature was measured using thermocouples (30-gauge, type T) attached to the intake tubing inside the PVC piping and aspirated by fans (Sunon, Kaohsiung City, Taiwan) to allow for accurate temperature measurement. All intake and exhaust tube openings were filtered using fiberglass wool to prevent debris from accumulating inside the tubing.
Air was pulled through the intake tubing into the main fiberglass enclosure (39 × 34 × 17 cm; Hoffman, Anoka, MN) via a micro-diaphragm gas-sampling pump (NMP 015, KNF Neuberger, Trenton, NJ), where it was transported using flexible PVC laboratory tubing (6 mm o.d., 3 mm i.d.; Tygon, Saint-Gobain Performance Plastics, Akron, OH) through a filter (LI-COR Biosciences, Lincoln, NE) and water trap for condensation. Air then passed through a solenoid valve (L01 series, Numatics, Novi, MI) that alternated flow between lower and upper intakes every 5 min. A flow meter (Cole-Parmer Instrument Co., Vernon Hills, IL) regulated airflow at 1 L min -1 before entering a CO 2 /H 2 O gas analyzer (LI-840A, LI-COR Biosciences) to quantify water vapor concentration (parts per thousand), which was converted into vapor pressure using atmospheric pressure. After passing through the gas analyzer, air was expelled from the main enclosure via output tubing.
A barometric pressure sensor (CS100, Campbell Scientific) installed inside the main enclosure recorded atmospheric pressure every 10 s for the final minute of every hour and averaged for an hourly value. Ambient air temperature and relative humidity were measured using a humidity and temperature probe (HMP60, Vaisala, Helsinki, Finland) installed 40 cm above bare soil surface 2 m from the main enclosure. In addition to the MBR data collection, a weather station was installed adjacent to the experimental plots. This station quantified precipitation (ECRN-100 rain gauge, Decagon Devices) and wind speed and direction (DS-2 sonic anemometer, Decagon, Devices) for the duration of the study.
data Management
The MBRs were controlled by CR10X dataloggers (Campbell Scientific, Logan, UT) connected to deep cycle batteries (12V 55 Ah) equipped with 100 W solar panels (AcoSolar, Walnut, CA). The loggers collected data every 10 s and averaged values over 5-min intervals, with the first minute of every interval excluded. Since the intake to the gas analyzer alternated between upper and lower every 5 min, two intervals (10 min) were required to produce one ΔT/Δe value. Gradients were averaged over 30-min periods (six intervals) before calculating β. This study focused on the daytime surface energy balance, so only data collected between 0700 and 2000 h were analyzed.
At this stage, data were rejected based on three criteria. First, data were rejected when the air pump was not active. The pump was programmed to shut off when relative humidity (RH) surpassed 92% to avoid accumulation of condensation in the instrumentation; the pump did not reactivate until RH dropped below 88%. Second, data were rejected when β approached -1, since this can result in flux values that approach infinity. This condition typically occurs around sunrise and sunset when the direction of the temperature and vapor pressure gradients are changing (Savage et al., 2009 ). Data were rejected in the interval -1-|ε| < β < -1 + |ε|, where:
In Eq.
[4], δΔe and δΔT are given by the resolution of the sensors for vapor pressure (0.008 kPa) and temperature (0.11°C), respectively, γ is the psychometric constant (P a C p /λϵ, from Eq. [2]), and Δe a is the difference in vapor pressure at two heights (kPa) (Perez et al., 1999) . This interval also corrects for uncertainty when ΔT or Δe are less than the sensitivity of the sensors. Finally, data were rejected if they do not satisfy the sign conventions identified by Perez et al. (1999) as they may provide incorrect direction of fluxes. Namely, when R n -G > 0 and Δe > 0, then LE and H must be positive; but when R n -G > 0 and Δe < 0, LE must be negative and H must be positive. Conversely, when R n -G < 0 and Δe < 0, then LE must be positive and H must be negative; but when R n -G < 0 and Δe > -1, LE must be negative and H must be positive.
Replication at this scale in this type of study is often impractical or impossible. Nonetheless, this type of research, using the same (O'Brien et al., 2018a) or similar instrumentation as described here, is common in both small and large-scale Bowen ratio research (e.g., Holland et al., 2013; Savage et al., 2009; Prueger et al., 1998) . To contextualize the variability observed using the MBRs, they were inter-calibrated by installing them over a uniform turfgrass for 10 d in early spring. The results of this calibration are presented in the Results and Discussion section.
results And dIsCussIon
The MBRs collected complete daytime datasets, defined as continuous measurement from 0700 to 2000 h for 24 d. Data from 6 d were not used due to high numbers of rejected data entries, which were caused by high RH values or extreme fluctuations in temperature and water vapor at the surface. The instrumentation was removed before any vegetation emerged, so transpiration was not considered in this study.
The daily average air temperature, daily average wind speed, and cumulative precipitation are shown in Fig. 1 . Average daily air temperatures measured at this study were 4.6°C in April and 12.9°C in May, which were consistent with 30-yr averages, 6.4 and 12.5°C, respectively, measured 15 km from the research area (NCDC, 2017) . Similarly, average wind speed during the 24 d of data collection was approximately 3.5 m s -1 , slightly lower than the historical average of 4.6 m s -1 (NDAWN, 2017) . Notably, the research area received only 8.5 mm of precipitation during the study period, which is much lower than the 30-yr average of 34 mm over second half of April and early May (NCDC, 2017) .
In addition to climatic variables, soil characteristics (Table 1 ) for each of the conditions can influence the SEB. The residue cover on the soil surface was higher in the A than the TD, which was caused by greater wheat biomass production and yield in the A compared with the TD (data not shown). Additionally, the dry soil color of the A was much darker than either other condition (Table 1) , primarily driven by the presence of more organic matter. The greatest difference between the three conditions is the amount of SOC, as the thermal desorption process typically reduces SOC (O'Brien et al., 2016; Sierra et al., 2016) , while even mixing of the SOC-rich A into the TD resulted in an intermediate value in the TDA. Despite this difference in SOC, the thermal conductivity of the three soil conditions were similar to each other under both airdry and saturated conditions (Table 1) , likely due to the similarities in mineralogy (O'Brien et al., 2016), particle-size distribution, and bulk density. Figure 2 shows the daytime SEB for the three conditions over two representative days. These days were clear and sunny, with no extreme fluctuations in temperature or vapor pressure throughout the day. The R n was similar among all of the conditions, and it followed expected diurnal trends, with magnitudes similar to springtime values found in Iowa and Minnesota (Sharratt, 2002) . The R n was near 0 W m -2 at 0700 h, peaked around 1300 h, and approached 0 W m -2 again at 2000 h. The component with the greatest differences among treatments was G, which was markedly larger in the TD. Although G was never greater than 80 W m -2 in the A or TDA, it surpassed 150 W m -2 midday for both DOY 124 and 125 in TD. Over the course of these 2 d, trends in H mirrored those in R n , whereas LE remained very low. Notably, the fluxes in the TD and TDA at 1900 and 2000 h fluctuated more than A. This phenomenon is indicative of the change in energy flow at sunset, and it suggests that these changes may occur more rapidly in these soils, possibly due to less residue cover and SOM to regulate changes in energy transfer (Horton et al., 1996) . These trends are consistent throughout the 18 d included in the analysis, and further discussion of the energy partitioning into each component is included below. table 1. selected soil properties (with standard error), residue cover, and surface soil color from the three plots on which the micro-bowen ratio sensors were installed. Particle-size distribution and soil organic carbon (soC) were measured from the 0-to 15-cm depth, and bulk density at the 6-cm depth. thermal conductivity was measured in the laboratory using repacked soil cores containing soil from the 0-to 15-cm depth. A, native, non-contaminated topsoil; td, contaminated subsurface material treated by ex situ thermal desorption; and tdA, 1:1 mixture (v/v) of A and tdA. (7) 326 (6) 239 (4) 1580 (58) 6 (1) ) and daily coefficients of variation (CV) for net radiation (R n ), soil heat flux (G), sensible heat flux (H), and latent heat flux (LE), respectively, for native topsoil (A), soil treated by thermal desorption (td), and a 1:1 mixture (v/v) of A and td (tdA). data from the 10-d  calibration is shown above the line, and data from the 18-d study period is shown below. daytime (0700-2000 h) totals (MJ m   -2 ) of each component were calculated using micro-bowen ratio instrumentation. only data from the study period is included in averages and totals. A  TDA  TD  CV  A  TDA  TD  CV  A  TDA  TD  CV  A  TDA  TD 
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The daily average accumulation for each SEB component under each condition is listed in Table 2 , and the cumulative accumulation is shown in Fig. 3 . These values can be contextualized with the data collected during the 10-d inter-calibration period. Since they were installed over a homogenous surface during the calibration period, the variation between the three MBRs is representative of how much the SEB components may vary due to (i) the sensors themselves and (ii) local variability in soil properties and microclimate. Thus, when observed variations between the three conditions in this study match the variation during the calibration period, the SEB is likely not different between the conditions; alternatively, when observed variation between the three conditions that is much higher than that of the calibration period, it likely indicates some difference between the conditions.
net radiation
Daily average accumulated R n values (Table 2) were consistent with other values found during springtime in the Northern Great Plains (Frank, 2002; Zvomuya et al., 2008) . These values remain similar throughout the course of the study, and the total cumulative R n for all three conditions were within 2% of one another ( Table 2 ). The very low daily average coefficient of variation (CV) for R n (0.03) matched a similar study over rangeland (CV = 0.03-0.06; Dugas and Mayeux, 1991) , and it was lower than the observed daily average CV for the calibration period, 0.09. These values suggest that the R n is not different among three conditions. These similarities in R n occurred despite the differences in both soil color and residue cover (Table 1) . Typically, darker soils are expected to have greater R n due to lower albedo (Nagler et al., 2000; Post et al., 2000) . Similarly, surfaces with more residue cover are expected to have lower R n , since the reflectivity of the residue is generally greater than the soil surface Nagler et al., 2000; Sharratt, 2002) , although this can vary based on composition and depth of residue (Horton et al., 1996) . In this study, the increased residue cover likely negated the effect of the darker soil colors in the A and TDA, resulting in no measureable differences in R n .
soil heat Flux
Daily average accumulated G values (Table 2) constituted the lowest proportion of the SEB, though they were slightly higher than those found in May on a vegetated reclamation project in Alberta (0.97-1.45 MJ m -2 d -1
; Carey, 2008) . Despite having the lowest total accumulated flux, G had the greatest daily variability (Table 2 ). This amount of variation was also evident during the calibration period (CV = 0.89) and was within range of variation seen in G of Canadian soils (0.19-1.85; Carey and Woo, 2000) .
The G in the TD is consistently twice as high as the other values, but the high variability makes it impossible to conclude that G is actually different among the conditions. The similarities in the other soil characteristics further support that no differences exist between the A, TD, or the TDA. Differences in G can be caused by variation in incoming thermal energy, thermal conductivity, and soil heat capacity. As already identified, R n was similar among the conditions, as was soil thermal conductivity measured in the laboratory (Table 1) . Further, both the thermal conductivity and soil heat capacity are driven by water content (Fig. 4) . Notably, the probe used to measure water content in this study has an accuracy of 2.5% volumetric water content, and the probe-probe variation can be between 0.5 and 1.5% (Campbell Scientific, 2016) . Accounting for these levels of accuracy and precision, the volumetric water contents are similar between the three conditions throughout the study, which also contributes to similarities in soil temperature (Fig. 4) .
During most of the study, G values were positive, which is expected in dryland soils during the spring while soils are warm- ing during the day (Odhiambo and Irmak, 2015) . Two days, DOY 106 and 112, had slightly negative values for all three conditions (Table 2) , which was likely due to low R n values and rapid declines in air temperature. Declines in daily soil temperature (Fig. 4) do not necessarily require G values to be negative. Rather, the daily G values indicate that during the daytime, soil temperatures were increasing; the negative trends in daily temperature reflect more extreme drops in nighttime temperatures.
sensible and latent heat Fluxes
The average accumulated daily H values in the TDA are noticeably larger than the A and TD (Table 2) . However, the H value of TDA is not intermediate between the A and TD values, suggesting differences identified in this study is not likely caused by the reclamation condition. Additionally, this variability was also identified in the calibration period, where the average daily CV was 0.17, which further indicates that these differences are explained by natural variability.
Since H is calculated as a residual from the LE, the daily and cumulative trends of H and LE inversely mirror one another. For all three conditions, daily average accumulated LE values (Table 2) were much lower than those found in late spring over vegetated reclaimed soils in Alberta ; Bremer and Ham, 1999) . In addition to having drier than normal conditions, the lower LE values in this study are likely because transpiration was not included, which can dramatically increase LE. Comparison of the LE values can be difficult because they can be dependent on soil water content and soil pore networks. Namely, less energy is partitioned to LE when less soil water is available to evaporate at the soil surface (i.e., lower LE when evaporation shifts from Stage 1 evaporation at the soil surface to Stage 2 evaporation in the subsurface) (Lehmann et al., 2008; Shokri and Or, 2011) . Despite lower than average precipitation, soil water contents remained high (e.g., 0.30-0.37 cm 3 cm -3 ) throughout the duration of the study, especially considering that total porosity ranged between 0.40 and 0.42 cm 3 cm -3
. Therefore, water was available at the soil surface throughout the study, likely due to interflow, as the plots are located downhill from a long rise, as well as possible access to a perched water table.
Similar to H, the absolute differences in LE likely do not reflect differences associated with reclamation condition. The daily average CV (0.35) for LE is slightly higher than that observed during the calibration period (0.27), but the range of variation is so wide as to prevent the conclusion that LE is altered by thermal desorption. The influence of reclamation condition on LE may be the most critical SEB component because LE can be used to calculate evaporation. No comparable CV values for LE were found over bare soil, but observed CVs ranged from 0.15 to 0.25 for evaporation over an open lake (Lenters et al., 2005) . Given the inherent variability in micro-topography and microclimate at the soil surface, CVs in soil evaporation would likely be higher, as observed in this study.
Using the cumulative LE to calculate evaporation is especially vital in western North Dakota, since increased evaporative losses could make the land unsuitable for agriculture. Over the daytime period of these 18 d, evaporation was greatest in the A (17.6 mm) and least in the TDA (12.3 mm), with TD evaporation calculated at 15.3 mm. Calculating evaporation from this 14-h period is not a complete measure of evaporative loss, as a significant portion of evaporation can occur overnight (Ham et al., 1991; Malek, 1992) . However, nighttime evaporation patterns between conditions would not be expected to differ drastically from those patterns observed during the daytime.
Implications for soil reclamation
In western North Dakota, the growing season is short (about 100 d) and yearly precipitation is low (average <35 cm), so temperature dynamics and evaporation are crucial in agricultural production. Any soil disturbance, remediation, or reclamation activities that alters these dynamic soil processes could have long-lasting implications for the soil production potentials. Quantifying the SEB over remediated or reclaimed soils can offer useful information for future soil management. However, given the variability of soils in space, with depth, and in time, no standard for an appropriate "reclaimed SEB" exists.
This research utilizes native, non-contaminated topsoil as a benchmark against which to measure the SEB on remediated and mixed soils. The heavy disturbance associated with the process, including excavation, thermal treatment, and soil replacement, alters many soil characteristics. Despite these differences, this research indicates that the SEB is not altered, as most differences in the observed values are the result of variability inherent in the plots, as well as that associated with the instrumentation. Most importantly, the magnitude of variation in the SEB components did not translate into changes to overall soil temperature in the root zone or changes to evaporative fluxes, which are crucial parameters to monitor in soil reclamation. These findings may be the result of this treatment occurring at a relatively low temperature, 350°C, so that changes to soil thermal properties may be minimal. In circumstances that require heating at higher temperatures (i.e., >500°C) to remove the contaminants, soil thermal properties would be more severely altered and more likely to affect the SEB.
ConClusIons
This study compared the SEB of native topsoil to soils remediated using thermal desorption and a mixture of topsoil and remediated soil. The SEB was quantified using MBRs installed at experimental research plots adjacent to an active oil spill remediation site. All components of the SEB in the three reclamation conditions were similar throughout the study, with the minor fluctuations indicative of natural variability. Notably, thermal desorption-treatment did not alter soil texture, which likely played a large role in the similarities among the treatments. The soil temperature dynamics and evaporative losses were similar between A, TD, and TDA throughout the duration of the study, which was a relatively dry spring. This research indicates that SEB over soils from this remediation site treated by thermal desorption are similar enough to native topsoil to form a physical environment capable of producing agricultural crops. Despite these similarities in the SEB, changes in other soil characteristics caused by contamination and remediation can still result in reduced crop productivity compared to native topsoil. Thus, if the goal of a reclamation project is to mimic as closely as possible pre-disturbance conditions, utilizing the mixture (TDA) may be the best path to success when sufficient topsoil is not available.
